abbreviatioNs BCA = bicinchoninic acid; CSC = Cell Systems Corporation; DHA = docosahexaenoic acid; DMEM = Dulbecco's modified essential medium; DPA = docosapentaenoic acid; ED 50 = median effective dose; EMEM = Eagle's minimum essential medium; EPA = eicosapentaenoic acid; FBS = fetal bovine serum; HBMEC = human brain microvascular endothelial cell; HCCMEC = human cerebral cortex microvascular endothelial cell; OD = optical density; PARP = poly (ADP-ribose) polymerase; PBS = phosphate-buffered saline; PUFA = polyunsaturated fatty acid. obJect Glioblastoma is a rapidly infiltrating tumor that consistently rematerializes despite various forms of aggressive treatment. Brain tumors are commonly treated with alkylating drugs, such as lomustine, which are chemotherapeutic agents. Use of these drugs, however, is associated with serious side effects. To reduce the side effects, one approach is to combine lower doses of chemotherapeutic drugs with other nontoxic anticancer agents. In this study, using glioblastoma cell lines, the authors investigated the anticancer effects of lomustine, alone and in combination with docosahexaenoic acid (DHA), an omega-3 polyunsaturated fatty acid normally abundant in the brain and known for its anticancer potential. methods Cells were cultured from 3 human-derived tumor cell lines (U87-MG, DB029, and MHBT161) and supplemented with either DHA or lomustine to determine the growth inhibitory potential using WST-1, a mitochondrial functional indicator. Human-derived cerebral cortex microvascular endothelial cells served as a normal phenotypic control. Cellular incorporation of DHA was analyzed by gas chromatography. Using flow cytometric analysis, the DHA and/or lomustine effect on induction of apoptosis and/or necrosis was quantified; subsequently, the DHA and lomustine effect on cell cycle progression was also assessed. Western blot analysis confirmed the role of downstream cellular targets. results U87-MG growth was inhibited with the supplementation of either DHA (ED 50 68.3 mM) or lomustine (ED 50 68.1 mM); however, growth inhibition was enhanced when U87-MG cells were administered equimolar doses of each compound, resulting in nearly total growth inhibition at 50 mM. Gas chromatography analysis of the fatty acid profile in DHA-supplemented U87-MG cells resulted in a linear dose-dependent increase in DHA incorporation (< 60 mM). The combination of DHA and lomustine potently induced U87-MG apoptosis and necrosis as indicated by flow cytometric analysis. Activation of caspase-3 and poly (ADP-ribose) polymerase (PARP) was evident in lomustine-treated U87-MG cells, although this activation did not appear to be dependent on DHA supplementation. Additionally, lomustine-treated cells' growth arrested in the G 2 /M cell cycle stage, regardless of the presence of DHA. Similar to the U87-MG observations, the combination of DHA and lomustine resulted in growth inhibition of 2 additional human-derived glioblastoma cell lines, DB029 and MHBT161. Importantly, in primary human-derived cerebral cortex endothelial cells, this combination was only growth inhibitory (40.8%) at the highest dose screened (100 mM), which indicates a certain degree of selectivity toward glioblastoma. coNclusioNs Taken together, these data suggest a potential role for a combination therapy of lomustine and DHA for the treatment of glioblastomas.
G lioblastoma, the most common and malignant form of cancer in the central nervous system, is characterized either as primary, which is a rapidly progressing tumor that typically translates into an unfavorable clinical prognosis, or secondary, which presumably develops slowly from a low-grade diffuse astrocytoma. 27 Since aggressive primary tumors are highly infiltrative, tumor recurrence is frequent despite resection and aggressive treatment. Patients diagnosed with glioblastoma have a median survival of approximately 15 months; 2 years after diagnosis, the survival rate is 27%. 17, 41 Long-term survival rates of patients with glioblastoma have been extended with a combination treatment of radiotherapy, lomustine, and temozolomide. 11 Both progression-free and overall survival rates increased, but acute toxicity remained a significant factor. Lomustine is a lipid-soluble alkylating agent that is capable of crossing through the blood-brain barrier. It acts nonspecifically and can dramatically affect rapidly dividing normal cells in addition to the targeted tumor cells. To reduce the toxicity associated with high doses of lomustine, investigators have used nanoparticle technology to more efficiently deliver lower effective doses to the cellular target. 23, 24 Numerous clinical trials have revolved around the use of lomustine or temozolomide in conjunction with additional therapeutic reagents, including, but not limited to, antibodies and pharmacological inhibitors. 2, 43, 45 Despite these attempts to markedly improve clinical outcomes, relatively few gains have been made in extending survival curves or drastically reducing the cytotoxicity associated with the use of these chemotherapeutic reagents.
Docosahexaenoic acid (DHA), an omega-3 polyunsaturated fatty acid (PUFA), has widely accepted health benefits; 38 furthermore, previous investigations performed in our laboratory have enabled us to extensively describe the role of DHA in preventing and treating cancers in vitro and in vivo. 34, 36, 37 DHA and arachidonic acid, an omega-6 fatty acid, are the most abundant PUFAs in the brain. Interestingly, these fatty acids have been shown to have opposing effects on tumor growth and cell migration. 19, 26 When the balance of fatty acid content favors arachidonic acid, a promigratory tumor cell phenotype emerges; however, if these tumor cells are rich in DHA, their migratory potential will be reduced, suggesting that omega-3 fatty acid may inhibit the infiltrative potential of aggressive glioblastomas. 7, 26 This migratory balance is mediated by brain fatty acid-binding protein (FABP) expression. Faragó et al. demonstrated the effect of PUFAs, including DHA, on the involvement of the microRNA profile in apoptosis-specific changes in treated glioblastoma cell lines. 8 In their study, these investigators observed similar findings with the administration of temozolomide alone.
Conjugation of molecules directly to DHA or use of a secondary compound in conjunction with DHA as an anticancer approach has been previously explored. 12, 34, 39 These approaches were designed either to increase efficacy or enhance the specificity of targeted cells. Wang et al. combined the use of DHA with the anticancer drug etoposide (VP16) to induce apoptosis in medulloblastoma cell lines, Daoy and D283, and glioblastoma cell lines, U87 and U138. 44 U87 and U138 cell lines were insensitive to pretreatment with DHA followed by VP16 administration, whereas Daoy and D283 cells showed little responsiveness to either treatment alone, but a significant induction of apoptosis was observed with the combination. Wang's evidence suggests that the apoptosis mechanism involves the downregulation of survival pathways associated with DNA repair and PI3K/MAPK. In this study, we investigated the anticancer effects of lomustine, alone or in combination with DHA, on glioblastoma cell lines. To our knowledge, this is the first demonstration of the combined use of lomustine and DHA as an anticancer strategy.
methods materials
U87-MG, a human-derived glioblastoma-astrocytoma cell line, and Eagle's minimum essential medium (EMEM) were purchased from ATCC. Human brain microvascular endothelial cells, Cell Systems Corporation (CSC) complete medium, and CultureBoost-R recombinant growth factor supplements were acquired from Cell Systems Corporation. Cells from the DB029 cell line (a human-derived Grade 3 glioblastoma cell line) were a gift from Dr. John Bright (Indiana University Health Methodist Research Institute). The MHBT161 glioblastoma cell line was developed from tumor resected from a patient by Dr. Aaron Cohen-Gadol (using Indiana University IRBapproved protocols) and processed by Drs. Karen Pollok and M. Reza Saadatzadeh. The Indiana University Institutional Review Board approved the study, and informed consent was obtained from the patient. Fetal bovine serum (FBS), Dulbecco's modified essential medium (DMEM), and all electrophoresis products were purchased from Life Technologies. Lomustine, temozolomide, and additional chemicals were acquired from Sigma Chemical Company. Consumable tissue culture products were obtained from Fisher Scientific. The Annexin V FLUOS staining kits were purchased from Roche Applied Science. Gas chromatography standards were acquired from Restek Corporation. Fatty acids were obtained from Nu-Chek Prep. Western blot antibodies were purchased from Cell Signaling Technology, unless otherwise noted.
cell culture
U87-MG cells were maintained in EMEM supplemented with 10% FBS and 1% antibiotic-antimycotic solution. DB029 and MHBT161 cell lines were cultured in DMEM also supplemented with 10% FBS and 1% antibiotic-antimycotic solution. Human brain microvascular endothelial cells (HBMECs), a primary cell line, were maintained in CSC complete medium supplemented with 10% FBS and CultureBoost-R recombinant growth factors as described by the manufacturer. All cell lines were maintained at 37°C in 5% CO 2 in a humidified atmosphere.
cell proliferation assay
Initially, cells (5000 cells/well) were cultured in 96-well flat-bottom plates overnight in complete medium to establish a linear growth rate. Spent medium was replaced with new medium supplemented with 2% FBS and varying treatments (100 ml total volume/well). Ethanol-supplemented cells (< 0.5%) served as the vehicle control. Cells were maintained at 37°C in 5% CO 2 in a humidified at-mosphere for 24 hours prior to assessment of cell growth with the WST-1 assay reagent (Roche Applied Science) as described by the manufacturer. Medium alone combined with the WST-1 assay reagent established nonspecific values that were subtracted from the experimental optical density (OD) readings (OD at 450 nm). Vehicle control OD readings served as standard proliferative potential normalized to 100%. The proliferation index was calculated by dividing the average OD treatment reading by the average OD vehicle reading and multiplying by 100.
analysis of Fatty acid incorporation by gas chromatography
Subconfluent cells were cultured in complete medium in the absence or presence of varying doses of DHA for 24 hours under standard tissue culture conditions. Following the incubation, cells were trypsinized and washed twice in calcium-and magnesium-free phosphate-buffered saline (PBS) supplemented with 1% fatty acid-free bovine serum albumin. Cell pellets were resuspended in PBS and sonicated to lyse the cells, and an internal standard (C23:0) was added to a portion of the cell lysates. Using each of the remaining lysates, the protein concentration was quantified using a bicinchoninic acid (BCA) protein assay kit (Pierce) to normalize the assessed amount of fatty acids to protein content.
Using the Folch method, 9 lipids were extracted from the cell lysates with chloroform:methanol (2:1, v/v). The fatty acids were transesterified using a modified procedure from Lepage and Roy. 20 Briefly, 2 ml of methanol:benzene (4:1, v/v) was added to each nitrogen-dried sample and cooled in a dry ice bath for 10 minutes followed by the addition of 200 ml of acetyl chloride. Transesterification occurred at room temperature over a 24-hour incubation. The addition of 6% K 2 CO 3 neutralized the reaction. Following centrifugation, the benzene layer was recovered and subjected to separation on a gas chromatography system (Shimadzu GC2010) equipped with a Zebron ZB-WAXplus column (100 m, 0.25 mm ID, 0.25 mm thickness). The column temperature program was as follows: temperature was held at 30°C for 2 minutes, increased to 180°C at 20°C per minute, held at 180°C for 2 minutes, increased to 207°C at 4°C per minute, held at 207°C for 3 minutes, increased to 220°C at 2°C per minute, held at 220°C for 2 minutes, and then increased to 240°C at 2°C per minute before finally being held at 240°C for 2 minutes. Fatty acid peaks were detected using a flame ionization detector at 250°C, and peak identification was achieved by comparing the results to the retention times of authentic fatty acid standards. Data were analyzed with Shimadzu's GC Solutions software. Fatty acid quantities were normalized based on the internal standard (C23:0) and calculated based on an external standard curve in conjunction with protein concentrations.
apoptosis detection
Cells (2.5 × 10 5 ) were plated in complete medium overnight in 6-well tissue culture treated plates. Spent medium was replaced with 3 ml of EMEM supplemented with 2% FBS and varying treatment conditions. Cells were maintained in standard tissue culture conditions for 24 hours. All spent medium, PBS washes, and trypsinized cells were combined to ensure that no cell loss occurred during harvesting. Cell pellets were resuspended in an Annexin V FLUOS/propidium iodide labeling solution as described by the manufacturer. Labeling occurred in the dark at room temperature for 20 minutes. Analysis was performed on a FACSCalibur flow cytometer (Becton Dickinson) equipped with a 15-mW air-cooled argon-ion laser emitting at a 488-nm wavelength. Annexin V FLUOS, which binds phosphatidylserine on the plasma membrane, was detected through a 530-nm band pass filter. Propidium iodide, which binds DNA by passing through the compromised membranes, was detected through a 650-nm long pass filter. Apoptotic cells bind Annexin V FLUOS on their outer plasma membrane, whereas necrotic cells are distinguished by the additional propidium iodide incorporation. Viable cells do not display any fluorescent indicators. Data were quantified as a percentage of total cells, excluding cellular debris, using CellQuest software (Becton Dickinson).
western blot analysis
Subconfluent U87-MG cells were grown in 6-well tissue culture treated plates and treated with DHA, lomustine, or a combination of the two in EMEM complete medium, containing 2% FBS for 24 hours under standard tissue culture conditions. Treated cells were rinsed in cold PBS and lysed on ice for 15 minutes in a radioimmunoprecipitation assay (RIPA) lysis buffer (Millipore) containing 100 mM NaF, 2 mM Na 3 VO 4 , 2.5 mM diisopropyl fluorophosphate, and complete mini protease cocktail inhibitor tablets (Roche Applied Science). Following sample centrifugation to remove the insoluble matter from the detergent solubilized extracts, the protein content was quantified using a BCA protein assay kit. Proteins were linearized by heating at 100°C for 10 minutes; subsequently, proteins were electrophoretically separated in 4%-12% polyacrylamide gradient gels and transferred onto nitrocellulose membranes. Membranes were blocked for 30 minutes at room temperature in Tris-buffered saline supplemented with 0.1% Triton X-100 (TBST) and 10% Roche Western blocking reagent. Blots were probed with primary antibodies in accordance with the manufacturer's recommendations. Secondary antibodies were peroxidase-conjugated for protein detection using an enhanced chemiluminescence (ECL) system (Amersham Pharmacia Biotechnology). Nitrocellulose membranes were stripped in Restore Western blot stripping buffer (Thermo Scientific) for 15 minutes at room temperature. Stripped blots were washed 6 times in TBST, blocked, and reprobed with an alternative antibody.
cell cycle analysis
U87-MG cells (3.5 × 10 5 ) were plated and maintained in EMEM complete medium overnight in 6-well tissue culture treated plates. To synchronize the cell cycle status of the U87-MG cells, spent medium was replaced with EMEM supplemented with 0.2% FBS for 24 hours under standard tissue culture conditions. Cells were treated for 48 hours in EMEM containing 2% FBS. Following treatment, the cells were trypsinized and washed in PBS; the resulting cell pellets were resuspended in 0.5 ml of PBS. Ice-cold 70% ethanol solution (4.5 ml) was added to fix the cell suspensions, which were stored at −20°C until cells were labeled and analyzed. The cells were washed in PBS prior to being resuspended in labeling solution, which consisted of PBS supplemented with 0.1% Triton X-100, 0.2 mg of DNase-free RNase A, and 20 mg/ml of propidium iodide. Labeling occurred for 30 minutes at room temperature in the dark. Analysis was performed on a FACSCalibur flow cytometer (Becton Dickinson) equipped with a 15-mW air-cooled argon-ion laser emitting at a 488-nm wavelength. Propidium iodide, which binds DNA by passing through the compromised membranes, was detected through a 650-nm long pass filter. A gate was established surrounding targeted events to ensure doublet and nonviable cell discrimination. Determination of cell cycle status was assessed using ModFit LT Software (Becton Dickinson). Results are expressed as the mean ± SD of 3 determinants.
statistical analysis
Data are reported as mean ± SD. For apoptosis/necrosis and proliferation measures, comparisons among different treatments and comparison with control were performed using the Student t-test. To adjust for multiple comparisons, the Bonferroni correction was used. For example, if 3 separate treatment doses were compared with control in a single experiment, only p values ≤ 0.017 (i.e., 0.05/3) were considered significant. Figure 1A depicts the relative proliferative potential of long-chain omega-3 fatty acid-supplemented cells following a 24-hour treatment. All three of the omega-3 fatty acids used in this study effectively demonstrated a significant impact on U87-MG cell growth: docosahexaenoic acid (DHA; median effective dose [ED 50 ] 68.3 mM), eicosapentaenoic acid (EPA; ED 50 63.5 mM), and docosapentaenoic acid (DPA; ED 50 51.4 mM). Since the most prominent omega-3 fatty acid in neurological tissue is DHA, additional experiments focused solely on this fatty acid. Data presented in Fig. 1B portray the effect of individual fatty acids representing other fatty acid classes, including the omega-6 fatty acids arachidonic acid and linoleic acid; an omega-9 fatty acid, oleic acid; and saturated palmitic acid. While linoleic and palmitic acids did produce growth inhibition at concentrations greater than 70 mM, none of these fatty acids inhibited proliferation by more than 40% at concentrations up to 100 mM. The effect of the chemotherapeutic reagents, temozolomide and lomustine, on U87-MG cell proliferation is shown in Fig. 1C . Temozolomide negatively affected proliferation at doses greater than 50 mM; however, the impact was relatively inconsequential. Lomustine demonstrated a dose-dependent decrease in U87-MG cell proliferation with 80% growth inhibition observed at 100 mM (ED 50 68.1 mM).
results effect of Fatty acid supplementation and chemotherapeutic reagents on growth inhibition

u87-mg cellular incorporation of dha
DHA was incorporated in a dose-dependent manner at doses up to 60 mM, which was the maximum dose assessed due to significant cell loss at higher concentrations (Table 1) . Corresponding with the increasing doses of DHA, relative decreases were also observed in levels of Fig. 1 . Effect of fatty acid supplementation on U87-MG growth inhibition. Cells were supplemented with varying concentrations of individual fatty acids and cultured for 24 hours as described in Methods. WST-1 was administered to assess cell growth. Vehicle controls were used to calculate the growth rate of untreated cells (100%) while media-only wells permitted the subtraction adjustment for background readings (0%). a: Data represent the three omega-3 fatty acids tested. b: Representatives from omega-6 PUFAs (arachidonic and linoleic acids), an omega-9 monounsaturated fatty acid (oleic acid), and a saturated fatty acid (palmitic acid) were assessed for their growth inhibitory potential. c: Effect of the chemotherapeutic reagents temozolomide and lomustine on U87-MG growth inhibition. Results are expressed as the mean ± SD of 4 determinants. nearly every identified fatty acid; however, these data can be misleading when only the percentages of fatty acids are reported. As shown in Table 2 , when the fatty acid distribution is reported as absolute quantities, the results take on a much different interpretation. For example, the actual amount of stearic and oleic acids present in the cells remained relatively unchanged in the presence of varying doses of DHA, while the incorporation of palmitic acid significantly increased. The relative percentage of stearic and oleic acids appears to indicate a loss in these fatty acids via utilization and/or conversion, but analysis of the actual quantities of these fatty acids that were present in the cells clearly shows that no loss occurred.
growth inhibitory effect of dha and lomustine combination
As shown in Fig. 2 , treatment with the combination of DHA and lomustine dramatically inhibited the proliferative potential of U87-MG cells. The combination effect was dose dependent; furthermore, growth inhibition was observed at a concentration as low as 10 mM within the 24-hour treatment. Visual inspection of these cell cultures indicated that fewer cells were present, which was consistent with cell loss in addition to the growth inhibition (data not shown).
effect of dha and lomustine on u87-mg cell apoptosis/ Necrosis
Since significant growth inhibition was observed, particularly in the presence of the combination of DHA and lomustine, the effect on U87-MG cell viability was investigated. Data shown in Table 3 summarize these findings. Vehicle control cells consisted of 90.2% ± 1.5% viable, 7.0% ± 1.1% apoptotic, and 2.8% ± 0.5% necrotic cell populations, which was a predictable diversity based on limited cell loss during routine tissue culture maintenance. Cells supplemented with DHA (30 and 40 mM) consistently mirrored the profile of control cells, with only slight increases in apoptosis and necrosis. Although a statistically significant shift in U87-MG cell viability was apparent, most of the cells treated with lomustine (30 and 40 mM) were viable. Cell viability significantly diminished when the U87-MG cells were supplemented with both DHA and lomustine, resulting in only 23.1% viability at the 40 mM combined dose. The effects of lomustine in the absence or presence of DHA were further analyzed for caspase-3 activation. As shown in Fig. 3 , decreases in caspase-3 and poly (ADP-ribose) polymerase (PARP) protein expression levels were diminished in cells supplemented with lomustine alone or in combination with DHA. Furthermore, cleaved-PARP detection corresponded to samples that had diminished full-length PARP expression. This evidence supports the observations from the flow cytometric data analysis on lomustine/DHA-enhanced cellular apoptosis.
effect of dha and lomustine on u87-mg cell cycle status of lomustine and DHA generated a significant accumulation of cells in the G 2 /M population, which suggests that these cells are arresting in this cell cycle stage. An analysis of cell cycle status following a 24-hour treatment showed an apparent progression through the synthesis phase in lomustine and combination-treated U87-MG cells, while DHA and vehicle-treated cell populations mirrored each other (data not shown). 
effect of dha and lomustine on alternative cell lines
To ascertain the clinical relevance and cell specificity of the above results, we next determined the effects of the combined treatment on primary patient glioblastoma cell lines DB029 and MHBT161 as well as a normal primary cell line, human cerebral cortex microvascular endothelial cells (HCCMECs). Figure 4A depicts the effect of lomustine alone or in combination with DHA at varying doses following 24-hour incubation. Although neither lomustine nor DHA dramatically inhibits the DB029 cell line at a 50-mM dose, the combination of the two virtually eliminates the proliferative potential of these cells. There is a modest inhibitory effect with increasing concentrations of lomustine; furthermore, the inhibitory effect is enhanced with the addition of DHA, particularly at the 50-mM dose. Similar observations were made in the glioblastoma cell line MHBT161 (Fig. 4B) . Although an enhanced effect was apparent with nearly every combination of DHA and lomustine, the overall extent of the growth inhibition was not as comprehensive as determined in the U87-MG and Using the proliferation assay as previously described, the effect of DHA and lomustine, alone or in combination, was assessed on 2 additional human-derived glioblastoma cell lines, DB029 (a) and MHBT161 (b). Human cerebral cortex microvascular endothelial primary cells (c) served as a normal cell phenotype. Results are expressed as the mean ± standard deviation of 4 determinants. Data were analyzed using the Student t-test with Bonferroni correction. *Values marked with an asterisk reflect significant differences (p < 0.017) within a given lomustine data set (i.e., differences seen with increasing concentrations of DHA at a specific concentration of lomustine).
DB029 cell lines. Figure 4C portrays the effect of these molecules on normal, primary HCCMECs. DHA alone (< 50 mM) had no significant impact on growth inhibition, whereas lomustine treatment had only a minimal effect at the highest dose examined in this study (100 mM). The only significant inhibition was observed in the 100-mM combination of lomustine and DHA.
discussion
Although a host of chemotherapeutic reagents have been used to treat or at least attempt to slow the progression of glioblastoma, there is currently relatively little benefit to be gained by the use of therapies in this aggressive form of cancer. Previous reports from our laboratory have extensively described the anticancer activities of DHA in various in vitro cell systems as well as in vivo models. 4, 5, 14, 32, 33, 35, 42 Furthermore, our laboratory has reported the added benefit of either using DHA in conjunction with known anticancer compounds or directly conjugating DHA with compounds to significantly enhance its anticancer efficacy. Since DHA is the most abundant PUFA in the brain and has been shown to possess anticancer properties, we hypothesized that combining DHA with a currently used chemotherapeutic reagent would result in significantly greater anticancer potential.
U87-MG cells were supplemented with individual fatty acids in escalating doses to determine the extent of growth inhibition. Although most fatty acids tested had little to no effect, all of the omega-3 PUFAs significantly affected the proliferative potential and they did so in a similar manner (DHA, ED 50 68.3 mM; EPA, ED 50 63.5 mM; DPA, ED 50 51.4 mM), based on data in Fig. 1A ; however, our investigation focused on the effects of the most abundant omega-3 PUFA in cerebral tissue, namely DHA. Although our laboratory initially assessed the antiproliferative effects of both temozolomide and lomustine, the latter appeared to be more effective in this in vitro system. Furthermore, DHA did not improve the efficacy of temozolomide when they were used together (data not shown). As a result, this investigation focused only on the effect of lomustine in combination with DHA.
Importantly, in the vehicle samples, the DHA level (as a percentage of fatty acids) was significantly lower than the abundant level present in human glioblastomas, which have been reported to contain DHA levels that are approximately half of the level found in brain tissue. 16, 22, 30, 40 Since the media and serum contain virtually no DHA, it is not surprising that cultured cells tend to reflect the loss of these omega-3 fatty acids. Furthermore, the glioblastoma cell lines used in this investigation underscore the acceptability of these cells to incorporate and tolerate significant quantities of DHA. In stark contrast, cell lines derived from non-neurological sources do not tolerate excess DHA incorporation.
By combining DHA with lomustine, enhanced inhibition of U87-MG cell growth was observed. These effects occurred despite the ability of these cells to tolerate the incorporation of DHA, thus suggesting that DHA, additively or synergistically, enhances the effect of lomustine without compromising cell integrity when administered alone. Lomustine, alone and in combination with DHA, clearly initiates an apoptotic cascade as evidenced by flow cytometric analysis. Although the changes in detection of increased cleaved caspase 3 and PARP are subtle, the data are indicative of apoptotic signaling cascades and complement the flow cytometry results. These data strongly support the growth inhibition evidence shown in Fig. 1 . Although the U87-MG cells' growth arrested in the G 2 /M phase, the effect appeared to be lomustine-specific, since no significant difference was detected between the results with respect to growth cycle arrest in the presence and absence of DHA. Lomustine administration may ultimately result in the demise of glioblastoma cell lines in vitro; however, when used in combination with DHA, the effect on cell viability is more immediate and dramatic. It is possible that DHA enhances the uptake of lomustine by modulating plasma membranes in glioblastomas. Several studies have shown that DHA incorporation changes the chemical and physical properties of cell membrane phospholipids and enhances uptake of various anticancer drugs, including vincristine in a drug-resistant neuroblastoma cell line, 13 doxorubicin in mouse leukemia p388 and drug resistant p388/DOX cell lines, 21 and clioquinol in Raji, SiHa, and MDA-MB-231 cell lines. 6 In addition, other studies have shown that DHA incorporation causes excessive lipid peroxidation and makes tumor cells prone to destruction. For example, the synergistic effects of DHA and arsenic acid in Daudi, SH-1, SK-Br-3, HT-29, SW-620, and PC-3 cell lines 3 and the synergistic effects of DHA and paclitaxel in BT-474 and SK-BR-3 cell lines 25 have been linked to lipid peroxidation. Furthermore, DHA has also been shown to directly modulate the activities of intracellular mediators involved in cell survival and apoptosis including NFkB, PPARa, MAP kinase, AKT, COX-2, Bcl2, and Bax. 47 The signaling mechanism or mechanisms specifically associated with the combined effect of lomustine and DHA have yet to be elucidated and will be the focus of future studies. Both DHA 11, 29 and lomustine 1 have been well characterized for their abilities of crossing the blood-brain barrier; therefore, several strategies can be used for delivering them to brain tumors. For example, lomustine can be encapsulated in DHA-containing microsomes, or DHA and lomustine can be chemically linked for delivery into the brain. We will be testing these strategies and investigating the uptake of these agents as a part of our future in vivo studies.
Promising anticancer therapies are always approached with cautious optimism. Often the therapeutic treatment is excessively toxic to normal tissue or effective only on a particular phenotype or mutation. Our laboratory tested the effectiveness of lomustine, alone and in combination with DHA, on cells from a second human-derived glioblastoma cell line, DB029. Although lomustine alone imparted a modest growth inhibitory effect, the combination of lomustine and DHA created an enhanced inhibitory response very similar to that observed in the U87-MG cell line. Importantly, when this experimental design was applied to cells from the normal primary human cerebral cortex endothelial cell line, a significant decrease in the proliferative potential was observed only at the 100-mM combination dosage. These data suggest that the effect of the drug and omega-3 fatty acid combination has a certain degree of specificity, especially since this form of treat-ment was well tolerated in a normal adjacent cell type. We chose human brain microvascular endothelial cells as a representation of normal cells. DHA and lomustine have to cross through tight junctions of endothelial cells, and therefore these cells are likely to get exposed to DHA and lomustine before cells of any other type. However, it is possible that other neighboring cells such as astrocytes and pericytes are more sensitive to DHA and lomustine. We are currently working on establishing a blood-brain barrier model using co-cultures of endothelial cells, pericytes, and astrocytes for additional experiments.
The present study used concentrations of DHA and lomustine in the 0-to 100-mM range. Based on our study, a combination of 30-mM DHA and 30-mM lomustine significantly inhibited proliferation of U87-MG glioblastoma cells. The effective concentrations of these agents are physiologically relevant. The concentration of omega-3 PUFAs after consuming a moderate to high amount of fish for several months can raise plasma omega-3 PUFA levels to 200-400 mM without any sign of toxicity. 18, 29 Other in vitro studies found lomustine concentrations greater than 50 mM to be effective for glioblastoma cells. 31, 46 Lomustine rapidly degrades under physiological concentration and no intact drug has been detected in serum after oral administration. However, metabolites of lomustine can be detected in the 3-to 10-mM range in plasma and tumor. 15 Higher concentrations of lomustine are associated with a number of adverse effects, including hematological, renal, hepatic and pulmonary toxicities, and induction of secondary malignancies. Our data suggest that combining lomustine with DHA improved the drug's efficacy, and therefore the combination could potentially limit its toxic effects.
limitations of our study
This study had several limitations. The experiments were performed under an in vitro condition, which does not entirely represent the microenvironment of the brain tissue. Therefore, doses and efficacy of DHA and lomustine for glioblastoma cell lines may be different from those for tumors growing in the brain. We tested the concept of improving lomustine efficacy by combining it with DHA in a few representative glioblastoma cell lines. Our findings may not be applicable to all glioblastomas. Furthermore, DHA may or may not improve efficacy of other chemotherapeutic drugs that are currently being used. To address these limitations, in vivo studies in orthotopic xenograft models of glioblastoma are required, using combinations of different chemotherapeutic drugs along with DHA. These in vivo studies are the next step in our research.
conclusions
Our investigation demonstrated a highly effective combination therapy in an in vitro glioblastoma cell model. The DHA and lomustine combination potently inhibited cancer cell growth and induced apoptosis and necrosis. Future studies should address the mechanism by which this combination imparts this possible synergistic effect. It is quite plausible that DHA sensitizes the glioblastoma cells to the lomustine-induced apoptotic effects through excessive lipid oxidation, enhanced lomustine uptake, or directly modulating activity of mediators of cell survival and apoptosis pathways. Additionally, an in vivo experimental glioblastoma model should be pursued to determine if this efficacy can be translated into a whole organism.
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